We present direct comparisons of resolution thresholds and quantitative estimates of retinal ganglion cell separation in humans with reported functional magnetic resonance imaging estimates of the human linear cortical magnification factor. Measurements of resolution thresholds (MAR), retinal ganglion cell (GC) densities, and linear cortical magnification factor (M) values were taken from the literature. Our objective was to analyse the apparent overrepresentation of human central vision in the visual cortex and to determine whether the cause of this is an effect of the uneven distribution of GC in the retina and/or that central GC have more devoted cortical area per cell. The reserved amount of cortical distance per retinal unit, i.e. the product of M on the one hand and effective GC separation, MAR, and GC receptive field separation on the other, indicates an overrepresentation of the fovea and immediately surrounding retina in the human striate cortex due to an increase in devoted cortical distance per central GC or resolution unit. This cannot be explained by lateral displacement of foveal ganglion cells nor by peripheral scaling, but rather by an additional magnification in the retino-cortical pathway.
Introduction
Linear cortical magnification (M) indicates the linear extent of visual cortex in mm/deg of visual angle (Daniel & Whitteridge, 1961) , i.e. the scale of topographical representation of the visual field in the striate cortex, and its inverse value (1/M) shows an approximately linear increase with eccentricity (Dow, Snyder, Vautin, & Bauer, 1981; Tootell, Silverman, Switkes, & De Valois, 1982; van Essen, Newsome, & Maunsell, 1984; Levi, Klein, & Aitsebaomo, 1985) . The fovea seems to be overrepresented in the striate cortex of non-human primates (Tootell, Switkes, Silverman, & Hamilton, 1988; Azzopardi & Cowey, 1996a,b; Azzopardi, Jones, & Cowey, 1999) and the cause of this could be an effect of the uneven distribution of ganglion cells (GC) in the retina and/or that central GC have more devoted cortical area per cell, but this remains a subject of contention. It has not been possible to obtain direct comparisons between GC density and M in humans due to the lack of measurements of lateral displacement of central GC. Lateral displacement means that cones at a given eccentricity in and near the foveal pit make contact with GC at greater eccentricities via fibres of Henle and bipolar cells.
Quantification of retinal GC densities has been done by counting cells in either vertical sections or whole mounts of both non-human primate (Perry & Cowey, 1985; Schein, 1988; Wässle, Grü nert, Rö hrenbeck, & Boycott, 1989 Martin & Grü nert, 1992; Rodieck & Watanabe, 1993) and human retina (Curcio & Allen, 1990; Dacey, 1993; Sjö strand, Olsson, Popovic, & Conradi, 1999; Sjö strand, Popovic, Conradi, & Marshall, 1999) .
Several studies have reported measures of lateral displacement in non-human primates (Perry & Cowey, 1988; Schein, 1988; Wässle et al., 1990; Martin & Grü nert, 1992) whereas only indirect estimates have been available on humans (Curcio & Allen, 1990 ; Sjös-trand, Conradi, & Klarén, 1994). However, results from a recently published study on direct measurements of lateral displacement in humans allows us to calculate effective GC densities. By using cone density data and assuming that the decrease in GC to cone ratio outside the fovea only depends on increasing cone convergence (several cones connecting to one GC) Sjö strand, Olsson et al. (1999) could define the cone area from which one midget GC receives information as the estimated retinal receptive field, thus making a more accurate analysis of retinocortical connections possible.
The aim of the present study is to examine if human central vision is overrepresented in the visual cortex by comparing psychophysically measured resolution thresholds and quantitative morphological estimates of retinal GC distributions with reported functional magnetic resonance imaging (fMRI) estimates of the human M factor and to determine whether the cause of this is an effect of the uneven distribution of GC in the retina and/or that central GC have more devoted cortical area per cell.
Methods
GC densities were based on data from two previous studies, where the authors investigated (1) the displacement of retinal ganglion cells subserving the cones within the human fovea (Sjö strand, , and (2) the relationship between quantitative estimates of retinal neuronal architecture, specifically effective GC and estimated receptive field separation, and psychophysical measurements of visual resolution from the foveal border to peripheral retina along the vertical meridian (Sjö strand, Olsson et al., 1999) .
Displacement
Displacement values were obtained from Sjö strand, , who estimated total displacement by adding the displacement due to Henle fibres and bipolar cells, measured as the lateral extension of the Henle fibres and of the obliquely running processes of the bipolar cells within the inner nuclear layer, respectively. Total displacement was described by the function DE = 0.37 exp(− ((E cone − 0.67)/1.12)
2 ), where DE is the total displacement in mm and E cone is cone eccentricity in mm.
Ganglion cell data
The raw GC densities used in the calculations (Table 1) are previously reported data from the vertical meridian of three normal human retinas (Sjö strand, Olsson et al., 1999) . Effective GC densities, D eff (Table  1) , were recalculated from the raw GC data according to the following procedure: (i) lateral displacement, DE, of central GC was calculated using the above equation from Sjö strand, ; (ii) differences in actual retinal area occupied by GC and effective area occupied by corresponding cones were taken into account by multiplying GC densities with the GC:cone area ratio at all eccentricites (Schein, 1988) . Effective GC separation in minutes of arc (Table 1 ) was calculated by assuming a hexagonal array (Snyder & Miller, 1977) , using the relation S= (3/(2D eff )) 1/2 ·CF·60, where CF is the conversion factor for the non-linear projection of the retinal image (Drasdo & Fowler, 1974) used in transforming from mm to deg. Effective GC densities at 1.0°and 1.6°were added to the previously reported data from Sjö strand, Olsson et al. (1999) by calculating the corresponding cone eccentricity from the estimated GC displacement at 2.2°and 2.8°eccen-tricity. GC densities at GC eccentricities corresponding to cone eccentricities of 2.2°, 2.8°and 5.6°were similarly obtained by interpolation from a curve fit to the raw GC density data.
Estimated GC receptive field (RF) separation data (see Sjö strand, Olsson et al., 1999 , for discussion) were also included in the analysis (Table 2) . By assuming constant relative proportions of GC types subserving a receptive field unit and a constant GC:cone ratio over the studied eccentricity range, we calculated RF separation by multiplying effective GC separation with the square root of a foveal GC:cone ratio of 2.93. Table 1 Cone and GC eccentricities are given in both mm and deg (compensating for the non-linear projection of the retinal image; (Drasdo & Fowler, 1974) . Total displacement in mm (DE) was calculated using the formula DE= 0.37 exp(−((E cone −0.67)/1.12) 2 ), where E cone is cone eccentricity. Raw GC density values were taken from Sjö strand, Olsson et al. (1999) . Effective GC densities were calculated by multiplying raw GC densities with an areal magnification factor (the quotient of GC and cone eccentricities in mm). Effective GC separations (S) in minutes of arc were calculated using the formula S = (3/(2D eff )) Sereno et al. (1995) , describing the reserved amount of visual cortex (in mm) per GC and the amount of visual cortex needed to process a given resolution threshold, respectively.
Resolution thresholds
Minimum angles of resolution (MAR) at eccentricities corresponding to our separation data (Table 2) were calculated by linear interpolation from previously published (Frisén, 1992; Sjö strand, Olsson, et al., 1999) high-pass resolution perimetry (HRP) measurements (0 -50°eccentricity at 0.5 and 0.25 contrast using 50% thresholds, adjusted to an optimum contrast of 0.9, along the vertical visual field meridian of two highly trained normal subjects).
Cortical magnification data
The fMRI estimates of the linear cortical magnification factor in humans were obtained from the literature (M Engel =15.87/E (Engel, Glover, & Wandell, 1997); M Sereno =20.05(E + 0.08) − 1.26 (Sereno et al., 1995) , with E representing retinal eccentricity in degrees) and used to calculate M values at eccentricities corresponding to our separation data. The reported estimates cover the central 1-12° (Engel et al., 1997) and 0.5-12° ( Sereno et al., 1995) of the retina. We therefore restricted our analysis to an eccentricity range of 1-12°a nd did not extrapolate any of the included parameters.
Results
A linear relationship was found between resolution thresholds and effective GC separation as described by the equation MAR= 1.83S −0.38 (r = 0.99) or, with origin constraint, MAR= 1.60S. However, performing the corresponding analysis on estimated RF separation data (see Section 2) yields proportionality factors close to unity, MAR= 1.07S − 0. The product S× M (mm cortex/cell) of effective GC separation and the linear cortical magnification factor as well as the product MAR× M (mm cortex/''resolution unit'' = the amount of visual cortex needed to process a given resolution threshold) are plotted as functions of eccentricity in Fig. 1 for the data of Engel et al. (1997) and Sereno et al. (1995) , describing the reserved amount of visual cortex (in mm) per GC and the amount of visual cortex needed to process a given resolution threshold, respectively. There is a rapid decrease of reserved cortical distance within the central retina out to approximately 3°for both data sets (effective GC separation and MAR), while changes are small in the paracentral and peripheral retina. If we use the data for RF separation instead of effective GC separation we obtain similar results, presented in Fig. 2 . The product of cone separation (Curcio, Sloan, Kalina, & Hendrickson, 1990 ) and M at four central eccentricities (1-2°) is also plotted in Fig. 2 , showing a similar central gradient to that obtained with the RF data.
Discussion
The issue of central GC displacement in this study is of paramount importance since we are studying properties of central GC from 1 to 12°, where displacement is appreciable over the central portion of this eccentricity range. Our calculations of effective GC densities and separations are based on direct measurements of displacement as opposed to previous studies which had to rely on indirect estimates of displacement (Drasdo, 1977; Curcio & Allen, 1990; Sjö strand, Klarén et al., 1994) . There are also discrepancies between raw GC densities from Sjö strand, Olsson et al. (1999) , measured using a modified disector method (Sterio, 1984) , and those previously reported by Curcio and Allen (1990) , who used unstained whole mounts, with the former being higher at the foveal border but showing good agreement from 6 to 12°. These discrepancies might be attributed to methodological differences -vertical sections can provide very accurate data, especially on central GC densities, but are associated with difficulties in reconstructing the precise location of samples taken far from the fovea where a large number of sections have to be used in order to obtain reliable density estimates. Whole mounts are very useful for determining topographies of retinal cell mosaics, but are less efficient in determining central distributions due to the stacking of GC, whereas tangential shrinkage is easily established and can be negligible. However, we used cone data from to obtain a morphological estimate of central GC receptive fields by calculating cone separations at four eccentricities between 1 and 2°, an eccentricity range in which the ratio of one cone to one RF is still assumed to be valid (Sjö strand, Olsson et al., 1999) . Engel et al. (1997) report individual data from four hemispheres (two subjects) with a variation on the order of 9 1°(on the retina) from the best least squares function fit to the cortical mapping function data. Sereno et al. (1995) report a best fit equation to mean data from seven subjects, thus giving no room for statistical analysis. The flattening procedures used in the two papers are similar and yield positioning errors before and after flattening of on average 3 mm over a 100 cm 2 region of grey matter. A more thorough analysis is required in order to statistically validate the present fMRI data.
Cell density measurements were made at various eccentricities along the retinal vertical meridian, whereas the fMRI eccentricity measurements represent the amount of cortex stimulated by expanding or contracting annular ring checkerboard stimuli centred around the fovea, and the fMRI polar angle measurements represent the amount of cortex stimulated by a rotating checkerboard pattern with three wedges (Engel et al., 1997) or a semicircular checkerboard stimulus (Sereno et al., 1995) . The retinal GC distribution is anisotropic, i.e. the density of GC is different at corresponding eccentricities along the different retinal hemimeridians. The ratio of the vertical hemimeridians and the temporal hemimeridian to the nasal hemimeridian is approximately 1:1.2, which yields a factor of 1.05 when averaging over all four hemimeridians. Considering the fact that the fMRI measurements were performed with a stimulus consisting of an expanding or contracting annular checkerboard pattern centred on the fovea, thus creating a travelling wave of neural activity which averages over all four hemimeridians as well as other directions, we consider this anisotropy to have little impact on our conclusions. , were taken to represent GC receptive fields over an eccentricity range in which the ratio of one cone to one RF is assumed to be valid.
Our analyses of the relationship between 1/M and effective GC separation on the one hand and MAR on the other, shows that these quantities are better described by linear relationships rather than direct proportionalities through the origin. The implication of this is a non-linear scaling with eccentricity between retinal subunits and cortical distance, i.e. that both MAR and the separation of effective GC are coupled to different lengths of visual cortex depending on retinal eccentricity, contrary to the findings of Cowey and Rolls (1974) . Azzopardi and Cowey (1996a) modelled the topography of actual and effective GC populations in the macaque retina on previously published data (Perry & Cowey, 1985; Wässle et al., 1989) . By comparing the cumulative proportion of GC with the cumulative proportion of cortical area (van Essen et al., 1984) they showed that the fovea and immediately surrounding retina are overrepresented in the striate cortex of the macaque and that this overrepresentation cannot be attributed to the lateral displacement of GC, nor is it caused by peripheral scaling, but that there is more cortical area devoted to each GC in the fovea and surrounding retina. The fact that in the macaque the cortical representation of the perifovea is expanded two to three times more than can be accounted for by GC topography (Azzopardi & Cowey, 1996b) and also that the ratio of parvocellular to magnocellular inputs to the striate cortex change with eccentricity without mirroring the distribution of GC in the retina (Azzopardi et al., 1999) gives added support to these conclusions.
It is evident from Fig. 1 that although one data set (effective GC separation) is based on histological counts and one on measured resolution thresholds (MAR) there is a markedly larger devoted linear amount of striate cortex per cell and a larger amount of visual cortex needed to process a given resolution threshold, respectively. The same pattern is observed in Fig. 2 , where RF separation as well as cone separation data from are used instead of effective GC separation. These results support the findings of Azzopardi and Cowey (1996b) in the macaque and indicate that the fovea and immediately surrounding retina is overrepresented in the striate cortex in humans due to more cortical area being devoted to each GC in the fovea and surrounding retina.
In conclusion, comparisons between the two fMRI measures of 1/M on the one hand and between MAR and effective GC separation on the other, show linear rather than proportional relationships. The products S×M and MAR ×M show a rapid decrease of reserved cortical distance within the central retina out to approximately 3°for both effective GC separation and MAR, while changes are small in the paracentral and peripheral retina, i.e. there is a non-linear scaling between retinal subunits and striate cortical distance in man. This indicates an overrepresentation of the fovea and immediately surrounding retina in the striate cortex that cannot be explained by the lateral displacement of foveal ganglion cells but rather by an additional magnification centrally in the retino-cortical pathway.
